Cholesterol 7␣-hydroxylase is the first and rate-limiting enzyme in a pathway through which cholesterol is metabolized to bile acids. The gene encoding cholesterol 7␣-hydroxylase, CYP7A, is expressed exclusively in the liver. Overexpression of CYP7A in hamsters results in a reduction of serum cholesterol levels, suggesting that the enzyme plays a central role in cholesterol homeostasis. Here, we report the identification of a hepatic-specific transcription factor that binds to the promoter of the human CYP7A gene. We designate this factor CPF, for CYP7A promoter binding factor. Mutation of the CPF binding site within the CYP7A promoter abolished hepatic-specific expression of the gene in transient transfection assays. A cDNA encoding CPF was cloned and identified as a human homolog of the Drosophila orphan nuclear receptor fushi tarazu F1 (Ftz-F1). Cotransfection of a CPF expression plasmid and a CYP7A reporter gene resulted in specific induction of CYP7A-directed transcription. These observations suggest that CPF is a key regulator of human CYP7A gene expression in the liver.
In mammalian cells, cholesterol is an essential membrane component and is required for the synthesis of both sterols and nonsterols necessary for normal cell function. Excess cholesterol causes the formation of toxic precipitates in cells, which may accumulate on arterial walls and eventually lead to atherosclerosis (1) . It is therefore crucial that cholesterol levels are maintained under tight control at all times. Three major regulatory pathways are involved in the maintenance of cellular cholesterol homeostasis: (i) uptake of dietary cholesterol via the low density lipoprotein (LDL) receptor, (ii) endogenous cholesterol biosynthesis, and (iii) metabolic conversion of cholesterol to bile acids (2) . The link among these regulatory pathways is cholesterol itself. Cholesterol serves as a feedback or feed-forward signal, coordinating the expression of key genes whose products are involved in these pathways (3) . When intracellular cholesterol levels are elevated, the transcription of genes encoding the LDL receptor and cholesterol biosynthetic enzymes [including hydroxymethyl glutaryl (HMG)-CoA synthase and HMG-CoA reductase] is suppressed. This negative feedback process is mediated by a family of transcription factors designated sterol regulatory element binding proteins (SREBPs) (4) (5) (6) . SREBPs contain an N-terminal transcription factor domain, a DNA-binding basic helix-loophelix-leucine zipper motif, two hydrophobic transmembrane domains that anchor the protein in the endoplasmic reticulum (ER), and a C-terminal regulatory domain (6) . When intracellular cholesterol levels are low, a two-step proteolytic cascade releases the N-terminal transcription factor domain of SREBP from the ER membrane (7) (8) (9) . The transcription factor then enters the nucleus and activates sterol response element-regulated genes (7) (8) (9) .
Although the sterol regulatory element binding protein pathway, which is responsible for regulating genes involved in cholesterol uptake and biosynthesis, is well characterized, the molecular basis for cholesterol catabolism is largely unknown. The major catabolic pathway for cholesterol removal is the production of bile acids, which occurs exclusively in the liver (10) . Cholesterol 7␣-hydroxylase (Cyp7a), a member of the cytochrome P450 family, is the first and rate-limiting enzyme in a major bile acid biosynthetic pathway (11) . The expression of CYP7A is tightly regulated. The CYP7A gene is expressed exclusively in the liver where it is induced by dietary cholesterol and suppressed by bile acids (11) (12) (13) . Several independent lines of evidence indicate that cholesterol catabolism plays a central role in cholesterol homeostasis. Treatment of laboratory animals with colestipol or cholestyramine, two bile acid binding resins, decreases serum cholesterol levels (11, 12, 14, 15) . In addition, overexpression of the CYP7A gene in hamsters reduces total cholesterol and low density lipoprotein cholesterol levels (16) . Thus, regulating the production of Cyp7a represents a potential therapeutic strategy for the discovery of new cholesterol-lowering drugs.
HepG2 cells, a hepatoma-derived cell line, were used as a model system to investigate the molecular mechanisms underlying hepatic-specific expression of the human CYP7A gene (17) . In this report, we used DNase I hypersensitivity mapping to characterize the human CYP7A promoter. These studies led to the discovery of a hepatic-specific regulatory element within the CYP7A promoter. We then cloned the gene encoding a CYP7A promoter binding protein and identified it as a human homolog of the orphan nuclear receptor fushi tarazu F1 (Ftz-F1) from Drosophila (18) . This transcription factor, designated CYP7A promoter binding factor (CPF), represents a specific transcriptional inducer of human CYP7A gene expression.
pGL3CYP7Awt was constructed by subcloning the Ϫ716͞ ϩ14 fragment of the human CYP7A gene (a gift from David Russell, University of Texas Southwestern Medical Center) into the pGL3-luciferase reporter plasmid (Promega). pGL3CYP7Am-129͞130 and pGL3CYP7Am-61͞62 contain mutations at positions Ϫ129 and Ϫ130 (GG to TT) and Ϫ61 and Ϫ62 (AA to TC), respectively. The two base-pair substitutions were introduced into pGL3CYP7Awt by using the ExSite mutagenesis kit (Stratagene). pfCPF contains a Flag epitope-tagged sequence at the 5Ј end of the CPF gene cloned into pcDNA3 (Invitrogen). Nuclear receptors used in this study were cloned by PCR using QUICK-Clone cDNA purchased from CLONTECH.
DNase I Hypersensitivity Mapping. HepG2, HEK293, or Caco2 cells (3 ϫ 10 6 ) were harvested and lysed in a buffer (1.5 ml) containing 50 mM Tris⅐HCl (pH 7.9), 100 mM KCl, 5 mM MgCl 2 , 0.05% (vol͞vol) saponin, 200 mM 2-mercaptoethanol, and 50% (vol͞vol) glycerol. Nuclei were collected by centrifugation and resuspended in a buffer containing 100 mM NaCl, 50 mM Tris⅐HCl (pH 7.9), 3 mM MgCl 2 , 1 mM DTT, 1ϫ complete protease inhibitor mixture (Boeringer Mannheim), and sequentially diluted DNase I (0.6, 1.7, or 5 units͞ml). Nuclei suspensions were incubated at 37°C for 20 min. The reactions were terminated by addition of EDTA to a final concentration of 100 mM. After RNase A and Proteinase K treatment, genomic DNA was prepared and subjected to Southern hybridization (19) .
Electrophoretic Mobility-Shift Assay (EMSA). Nuclear extracts were prepared from cultured cells by the method of Schreiber et al. (20) , except that KCl was used instead of NaCl at the indicated concentration. In vitro transcription and translation reactions were performed with the TNT system (Promega). Nuclear extracts (1 g) or 0.1-1 l of in vitrotranslated product were mixed with 40,000 cpm of 32 P-labeled oligonucleotide in a reaction buffer containing 10 mM Hepes (pH 7.6), 1 g of poly(dI-dC), 100 mM KCl, 7% (vol͞vol) glycerol, 1 mM EDTA, 1 mM DTT, 5 mM MgCl 2 , and 40 pmol of unrelated single-stranded DNA oligonucleotide, and incubated for 20 min at room temperature. The reaction mixtures were separated on a 4% polyacrylamide 0.5ϫ Tris-borate EDTA gel. After electrophoresis, the gels were dried and exposed to x-ray film. In competition experiments, a 30-or 60-fold molar excess of competitor DNA was added to the EMSA reaction mixture. In antibody supershift experiments, an anti-CPF antiserum or preimmune serum was added to the reaction mixtures before addition of the DNA probe.
Transfection and Reporter Gene Analysis. Cells were plated in 24-well plates (1 ϫ 10 5 ͞well) 1 day before transfection. In general, 0.5 g each of luciferase reporter plasmid and expression plasmid along with 50 ng of cytomegalovirus-driven ␤-galactosidase expression vector were transfected in quadruplicate into cultured cells for 30 h with the use of the calcium phosphate method (21) . Cell extracts were prepared and assayed for luciferase activity by using the Luciferase assay system (Promega). Luciferase activity was normalized to the ␤-galactosidase activity.
Molecular Cloning of CPF. A human expressed sequence tag clone (GenBank accession no. N59515) that contains the Ftz-F1 DNA-binding domain was used to screen a human liver cDNA library purchased from CLONTECH. The cDNAs in positive clones were recovered by conversion of phage DNA into pTriplEx plasmids and sequenced.
Tissue-Specific Expression of CPF. Northern (RNA) blots of poly(A) ϩ RNA extracted from human tissues were purchased from CLONTECH. Hybridization reactions were carried out with the Northern MAX hybridization buffer (Ambion, Austin, TX).
Immunoprecipitation. A peptide derived from the CPF cDNA sequence (DRMRGGRNFKGPMYKRDR) was used to raise an anti-CPF polyclonal antibody. HepG2 or 293 cells (1 ϫ 10 7 ) were cultured in media containing 100 Ci͞ml of [ 35 S]methionine for 90 min. Cells were harvested and then lysed by three freeze-thaw cycles in buffer containing 50 mM Tris⅐HCl (pH 7.5), 125 mM NaCl, 5 mM EDTA, and 0.1% (vol͞vol) NP-40. Cell lysates then were used for immunoprecipitation with the anti-CPF antibody. Precipitated samples were resolved by 10% SDS͞PAGE, and the gels were dried and exposed to x-ray film.
RESULTS
DNase I-Hypersensitive Site Mapping of the Human CYP7A Gene. The DNase I-hypersensitive mapping technique was used to identify potential hepatic-specific regulatory regions of the human CYP7A gene. DNase I hypersensitivity is known to be associated with the open chromatin conformations of regulatory regions near transcriptionally active genes (22) . Nuclei prepared from HepG2, HEK293, and Caco2 cells were treated with increasing amounts of DNase I. The DNAs then were extracted, digested with PstI, transferred onto nylon, and hybridized with a radio-labeled fragment containing nucleotides Ϫ944 to Ϫ468 of the CYP7A gene. As indicated in Fig. 1A , this probe hybridized to the predicted 5-kb PstI fragment in DNA isolated from all cell types examined. However, a second 2.8-kb DNA fragment was detected with the same probe and found only in HepG2 cells. As DNase I treatment was extended, the intensity of the 2.8-kb DNA band increased, while the intensity of the parental 5-kb DNA band diminished concomitantly. These observations revealed the existence of a DNase I-hypersensitive site located roughly 200 bp upstream from the CYP7A transcription start site. The 2.8-kb band was observed only in HepG2 cells and not in HEK293 or Caco2 cells, suggesting the existence of a hepatic-specific regulatory element.
Identification of a Hepatic-Specific CYP7A Promoter Element. To elucidate further the hepatic-specific element of the CYP7A gene, seven overlapping oligonucleotides (CL1-CL7) that spanned the region between nucleotides Ϫ368 and ϩ20 were synthesized, radio-labeled, and used in EMSAs with nuclear extracts (Fig. 1B) . As shown in Fig. 1C , hepatic-specific DNA-protein complexes were observed only when CL1 and CL2 were used as radio-labeled probes. The relative mobilities of these two DNA-protein complexes were nearly identical, suggesting that the same nuclear protein bound to each probe. Importantly, the DNA-protein complex formation was specific to HepG2 nuclear extracts. No equivalent complexes were observed with HEK293, Caco2, or SV589 nuclear extracts (Fig.  1D) . To decipher the DNA-binding specificity of this DNAprotein complex, an EMSA was performed by using CL1 as the radio-labeled probe and fragments CL1-CL7 as unlabeled competitors. As shown in Fig. 1E , only the addition of excess CL1 and CL2 fragments prevented complex formation. These observations suggested that the hepatic-specific expressed factor bound to the overlapping sequences of probes CL1 and CL2. These sequences are located within the region that contains the hepatic-specific DNase I-hypersensitive site.
Several 6-bp elements that are known binding sites for nuclear hormone receptors (23) were discovered by visual inspection of the two overlapping sequences. To determine the exact sequence responsible for hepatic-specific binding, we synthesized a series of oligonucleotides with mutations in the putative nuclear receptor response elements (Fig. 2, M1-M19 ) and tested their abilities to compete with complex formation in EMSAs. As summarized in Fig. 2 , oligonucleotides containing mutations in the direct repeats spaced by 1 nt (DR1, repeats A and B) were effective competitors of complex formation. In contrast, oligonucleotides containing mutations in repeat C failed to compete effectively, suggesting that the DNA sequence of repeat C is essential for hepatic-specific binding. To further dissect the sequence required for complex Biochemistry: Nitta et al.
Proc. Natl. Acad. Sci. USA 96 (1999) formation, we synthesized oligonucleotides containing point mutations in repeat C and adjacent sequences and tested them in EMSAs. The results indicated that a consensus element containing 9 nt is required for complex formation. The 9-bp element, conserved in CYP7A human and rodent promoters, is identical to the consensus binding site for the Ftz-F1 family of nuclear hormone receptors (18) . We designated this element a CPF binding site.
The CPF Binding Site Is Essential for Hepatic-Specific Expression of the Human CYP7A Gene. To determine the role of the CPF binding site in human CYP7A gene expression, two G to T nucleotide substitutions were introduced into the 9-bp recognition sequence TCAAGGCCA (Ϫ126 to Ϫ134). As a control, mutations were introduced into a region of the promoter outside the CPF binding site (two nucleotide substitutions at positions Ϫ61 and Ϫ62). Promoter fragments (Ϫ716 to ϩ14) that contained either the wild-type sequence, the mutated CPF binding site, or the adjacent mutation sequences were cloned into the luciferase reporter plasmid pGL3. These constructs were transfected into HepG2, HEK293, and Caco2 cells, and promoter activity was measured by determination of luciferase activity levels. Mutations in the CPF binding site completely abolished promoter activity in HepG2 cells, while showing little or no effect in HEK293 and Caco2 cells (Fig. 3) . Mutations in the region outside of the CPF binding site had no effect on promoter activity irrespective of cell type.
Cloning of the Hepatic-Specific CYP7A Promoter-Binding Protein. Having identified the CPF binding element, we next sought to clone the gene encoding the binding protein. Ftz-F1 is a Drosophila melanogaster DNA-binding protein (18) that belongs to the nuclear receptor superfamily (23, 24) . Analogous to other nuclear receptors, Ftz-F1 contains a zinc finger DNA-binding domain and a putative ligand-binding domain. The DNA-binding domain of the Ftz-F1 family members contains a unique 26-aa extension (called the Ftz-F1 domain) that resides C-terminal to its two zinc finger domains (25) . The sequence of the Ftz-F1 domain has been conserved from D. melanogaster to rodent and is largely responsible for the DNA-binding specificity of the Ftz-F1 family of nuclear receptors (25) . Identification of the Ftz-F1 binding site in the human CYP7A promoter raised the possibility that a human Ftz-F1-like protein might bind to this element. To clone the human homolog of Drosophila Ftz-F1, we searched an ex- (Fig. 4A) . The protein encoded by the ORF of clone 113 is designated CPF. Sequence analysis revealed that CPF represents an additional member of the Ftz-F1 family, most closely related to mouse LRH-1 (Fig. 4B) . Clone 105, designated CPF variant 1 to distinguish it from CPF, encodes a polypeptide identical to CPF except for a 46-aa insertion at amino acid 21 of the A͞B domain. The 46-aa insertion is also present in mLRH-1, sharing 87% homology with CPF variant 1 in this region. Clone 36, or CPF variant 2, contains a 172-aa deletion within the D and E domains. Both CPF variants probably are derived from alternative splicing. Our study focused on CPF as it is apparently the major form expressed in HepG2 cells (see below).
To test whether the cloned CPF gene encoded the factor responsible for the CYP7A promoter binding activity observed in HepG2 cells, in vitro-synthesized CPF and HepG2 nuclear extracts were tested in parallel in EMSAs using CL1 as the radio-labeled DNA probe. As shown in Fig. 5 A and B , the binding specificity of the in vitro-synthesized CPF was identical to that of the endogenous protein present in the HepG2 extracts, and the DNA-protein complexes formed by both exhibited identical mobilities in the EMSAs. To further test whether the binding activity in the HepG2 nuclear extract was caused by the presence of endogenous CPF, EMSAs were performed with a peptide antibody raised against the DNAbinding domain of CPF. As shown in Fig. 5C , the anti-CPF antibody, but not preimmune serum, prevented DNA-protein complex formation by both HepG2 nuclear extracts and in vitro-translated CPF. Moreover, 35 S-methionine-labeled extracts from HepG2 and HEK293 were immunoprecipitated with the CPF-specific antibody, and the immuno-complexes were analyzed by 10% SDS͞PAGE. As shown in Fig. 5D , the antibody recognized a hepatic-specific protein that comigrated with in vitro-translated CPF.
Transcriptional Inducing Activity of CPF. To examine its activity as a transcription factor, CPF was assayed for its ability to induce CYP7A expression in HEK293 cells, which lack (19) . Luciferase assays were performed as described in Materials and Methods. Relative luciferase units were normalized to ␤-galactosidase activity to control for variations in transfection efficiency. The cross-out refers to the presence of two point mutations (as described in Materials and Methods). The pGL3 reporter is a vector-only control.
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Proc. Natl. Acad. Sci. USA 96 (1999) endogenous CPF expression (Fig. 5D ). We first transfected HEK293 cells with expression plasmids encoding either fulllength CPF, liver X receptor ␣, retinoid X receptor ␣, hepatic nuclear factor 4␣, or control plasmid pcDNA3, along with luciferase reporter plasmid containing the human CYP7A promoter sequence (Ϫ716 to ϩ14). As shown in Fig. 6A , among the nuclear receptors tested, only overexpression of CPF stimulates human CYP7A promoter activity. Transcriptional activity of the CPF variants we isolated also was examined. As shown in Fig. 6B , both CPF and CPF variant 1 induced CYP7A promoter activity whereas CPF variant 2 failed to induce, suggesting that the hinge region and ligand-binding domain of CPF is important for its function. We further show in Fig. 6C that cotransfection of a flag-tagged CPF (pfCPF) resulted in a dose-dependent up-regulation of human CYP7A promoter activity. These results support the notion that CPF functions as a transcription regulator for the human CYP7A gene.
Tissue-Specific Expression of CPF. It has been reported that the CYP7A gene in rodents is expressed exclusively in the liver (11) . If the human CYP7A gene behaves like its counterpart in rodents, CPF would be expected to be expressed in the liver. To determine the tissue expression profile of the CPF gene, RNA tissue blots were hybridized with either labeled CPF cDNA or CYP7A cDNA. As shown in Fig. 7A , the expression of the CPF gene apparently was enriched in the pancreas and liver, with a low level of expression in the heart and lung. The human CYP7A gene apparently was expressed only in the liver (Fig. 7B) , consistent with the liver-specific expression observed in rodent.
DISCUSSION
A number of transcription factors including HNF3, C͞EBP, DBP, and the nuclear hormone receptors hepatic nuclear factor 4␣, ARP-1, retinoic acid receptor ␣, COUP, and glucocorticoid receptor have been implicated in the regulation of CYP7A promoter activity (27) (28) (29) (30) . Of these putative regulators, however, few or none have been shown to directly regulate CYP7A expression. In this report we identified a hepatic-specific element within the CYP7A promoter by DNase I hypersensitivity mapping of the human CYP7A gene, and then cloned the gene encoding a hepatic-expressed orphan nuclear receptor CPF that binds to this promoter element. Four lines of evidence support the interpretation that CPF is a bona fide activator of human CYP7A gene expression. First, in vitro-translated CPF binds to the same sequence within the CYP7A promoter as does the endogenous factor. Second, DNA-protein complexes formed with in vitro-translated CPF and the endogenous factor are indistinguishable, and a CPFspecific antibody perturbs the formation of both complexes. Third, mutations in the CPF binding site within the CYP7A promoter abolish hepatic-specific expression of the CYP7A gene. Last, transient transfection assays show that CPF activates expression of the reporter gene under control of the human CYP7A promoter sequence. CPF is a unique member of the Ftz-F1 family of class IV orphan nuclear receptor superfamily (23) , which bind DNA as a monomer and have intrinsic transcriptional activity (25, 26, 31) . Ftz-F1 family members have been conserved throughout evolution and been identified in many species ranging from zebrafish (32) , to Xenopus (33) , to rodents (26) , and now to human. Although our cotransfection experiments indicate that CPF has intrinsic transcriptional activity, the identification of nuclear receptor CPF as a regulator of CYP7A expression raises a very intriguing question of whether the activity of CPF, like many other nuclear receptors, is regulated by a small molecule ligand. Because CPF regulates expression of an enzyme that plays a key role in cholesterol and bile acid homeostasis, it seems plausible that certain metabolites may further regulate CPF activity. Most known endogenous ligands for orphan nuclear receptors are lipophilic molecules involved in specific metabolic pathways: e.g., retinoids for the retinoic acid receptors (34, 35), 9-cis-retinoic acid for the retinoid X receptors (36, 37) , vitamin D3 for the vitamin D receptor (38) , and oxysterols for the liver X receptors (39, 40) . Identification of the ligand for CPF may help clarify the biological actions of CPF and further define key steps in the regulation of cholesterol homeostasis.
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